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RATIONAL HARMONICALLY MODE LOCKED, 
PHASE LOCKING RESONATOR AND METHOD OF USE 

Inventor: Szarmes, Eric B. 

RELATED APPLICATIONS 

[0001] The present invention is a continuation in part of United States Utility Application 

No. 10/081,416 filed February 22, 2002 which issued as United States Patent 6,643,314 and 
further claims priority fi-om United States Provisional Application No. 60/271,872 filed February 
23, 2001 and United States Provisional Application No. 60/271,873 filed February 23, 2001. 
FIELD OF THE INVENTION 

[0002] The present invention relates to a rational harmonically mode locked, phase 

locking resonator and method of use. 
BACKGROUND OF THE INVENTION 

[0003] A firee-electron laser is a device used to convert the kinetic energy of a beam of 

relativistic firee electrons to electromagnetic radiation in the wavelength region between the mm- 
wave region in radio spectrum and the extreme ultraviolet region at optical wavelengths. As is 
known in the art, firee-electron lasers work by exploiting the interaction between a beam of 
relativistic electrons moving through a spatially oscillating transverse magnetic field and a co- 
propagating beam of electromagnetic radiation. 

[0004] In the presence of a strong optical field whose phase matches the phase of the 

transverse oscillations induced by the transverse magnetic field, the electrons' trajectories in 
phase and energy are governed by a pair of coupled equations which can be reduced to the 
pendulum equation. The existence of a series of fixed points and an associated set of stable, 
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closed, periodic orbits ("buckets") in the phase space trajectories followed by the electrons in 
such a system has led to the development of a range of methods for enhancement of the power 
output that can be obtained from such devices. 

[0005] The principal method for enhancement of free-electron laser power output and 

efficiency employed to date has been the deceleration of the electrons circulating in the periodic 
orbits around the stable fixed points in their phase space trajectories by decreasing the period 
and/or amplitude of the spatially oscillating magnetic field as a function of position along the 
interaction region. This method has yielded only limited improvements in power output, and has 
the fiarther disadvantage of failing to extract a significant amount of energy from the electrons 
moving along the open trajectories outside the region of phase stability, leaving the electrons 
emerging from the interaction distributed over a range of energies as large as 10% or more. 
Independent of the limited enhancement in power output attainable by this method, the large 
energy spread induced by this method has complicated attempts to recover the residual kinetic 
energy of the spent electrons, and made it impossible to operate more than one free-electron laser 
at a time using a single beam of electrons. 

[0006] The expense of the accelerator systems required to produce the electron beams 

required for free-electron laser operation and the intense ionizing radiation produced by the spent 
electrons emerging from the interaction region if not decelerated have constituted major practical 
barriers to the fiirther development and commerciaUzation of free-electron lasers. The invention 
described herein overcomes these barriers by exploiting a different lasing mechanism, phase 
displacement, in which the kinetic energy of electrons moving through an interaction region 
defined by a spatially oscillating fransverse magnetic field and a co-propagating beam of 
electromagnetic radiation is converted to hght by facilitating the deceleration of the electrons to 
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lower energies along the open trajectories outside and between the regions of phase stability 
("buckets"). By permitting deceleration of nearly all the electrons in the beam by nearly the same 
increment, this method provides greater laser power output than previously attainable by 
converting a greater fraction of the electrons average energy to electromagnetic radiation, while 
dramatically reducing the spread in energy induced by the interaction thereby simplifying the 
transport and recovery of the residual kinetic energy of the spent electron beam and reducing the 
risk of production of hazardous ionizing radiation during operation. 

[00071 Accordingly, the invention described herein provides a means to enhance the 

power output, efficiency and flexibility of free-electron lasers while reducing their cost and 
complexity and the cost of the ancillary radiation shielding required to insure operator and public 
safety. These improvements are important to currently estabUshed and existing uses for free- 
electron lasers including laser surgery and diagnostics, materials processing, spectroscopy and 
remote sensing, laser power beaming, and high power laser weapons systems. 
[00081 Although certain aspects of the phase displacement lasing mechanism were 

anticipated in the earlier pubUcations, the inventors were the first to rigorously examine the 
operation of systems based on this mechanism under the conditions prevailing in practical use in 
which lasers must start from noise in the small signal regime, evolve naturally to achieve the 
conditions required for effective conversion of electron kinetic energy to light, and stably 
maintain these parameters for a usefol interval of time. In the course of this new and 
unanticipated investigation, the inventors were able to establish that such systems, properly 
designed, could start from noise and evolve naturally to a stable operating configuration 
compatible with enhanced power output and reduced output energy spread. However, the 
inventors have also discovered a new instability capable of disrupting laser operation outside a 
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specific range of operating conditions, and have fiirther estabUshed that this instabiUty may be 
suppressed by limiting the growth of the spectral components of the optical field which mediate 
the instability. 

BRIKF DESCttTPTlON OF T HK DRAWINGS 

[0009] Fig. 1 is a schematic view of an exemplary compound interferometer disposed 

within a free electron laser; 

[00101 Fig. 2 is a schematic view of a preferred embodiment of an optical beam spectral 

filter; 

[0011] Figs. 3a and 3b are graphical representations of randomly phased and phase 

locked electron and optical beams with rational mode locking; 

[0012] Figs. 4a, 4b, and 4c are graphical representations of results from operating in a 

non-integral harmonic mode locking; 

[0013] Fig. 5 illustrates an uncoated, damage resistant, birefringetit beamspUtter used in 

the preferred embodiments of the intracavity interferometers; 

[0014] Fig. 6 is a schematic view of an exemplary compound interferometer disposed 

within a free electron laser; 

[0015] Fig. 7 schematically illustrates hypermode selection in the rational harmonically 

mode locked laser using a single Fox-Smith intracavity interferometer 

[0016] Fig. 8 schematically illustrates hypermode selection in the rational harmonically 

mode locked laser using a compound Michelson/Fox-Smith intracavity interferometer; and 
[0017] Fig. 9 schematically illustrates the criterion for optimum hypermode selection in 

the rational harmonically mode locked laser using a compound Michelson/Fox-Smith intracavity 
interferometer. 
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DETAILED DESCRIPTION OF VARIOUS EX EMPLARY EMBODIMENTS 
[0018] As used herein, the following terms have the following meanings: 



"magnetic field generator" 



"interaction region" 



'separatrix'' 



a device capable of creating a spatially 
oscillating transverse magnetic field of 
predetermined period and amplitude, both of 
which may vary with position along the axis of 
the magnetic field generator. The magnetic 
field generator is interposed in the path of the 
electron beam generated by an electron beam 
generator whereby exchange of energy 
between the electron beam and a co- 
propagating optical beam is facilitated by 
interaction between the transverse electron 
velocity and the transverse optical electric 
field. By way of example and not limitation, a 
magnetic field generator may be a wiggler or 
undulator as these terms are understood by 
those of ordinary skill in the FEL arts. 

a region in vacuum disposed longitudinally 
along the direction of the electron beam in 
which the co-propagating electron and optical 
beams are overlapped with the magnetic field 
generated by the magnetic field generator 
and/or the phase displacement device. In some 
embodiments, there may be one or several 
distinct interaction regions disposed along the 
electron beam, or one or several distinct 
interaction regions disposed within an optical 
cavity. 

a closed trajectory in electron longitudinal 
phase space (where phase space coordinates 
are defined by the energy and longitudinal 
position of an electron in the electron beam) 
which separates the open-orbit electron 
trajectories fi-om the closed-orbit electron 
trajectories in phase space. The separatrices are 
determined by the magnitude and spatial 
dependence of the magnetic field generated by 
the magnetic field generator together with the 
electric field of the co-propagating optical 
beam, independently of the electron beam. 
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"resonant energy" 
"synchrotron frequency" 



'phase displacement device" 



"small-signal regime" 



"small-signal gain" 



'saturated regime'' 



the energy of the stable points in electron 
longitudinal phase space. 

the frequency at which electrons, located on 
closed-orbit trajectories about the stable points 
within the separatrices, undergo successive 
revolutions in phase space, 

a device that is capable of increasing the 
resonant energy relative to the energy of an 
electron in the electron beam during the 
interaction of the electron with the optical 
beam in the interaction region. In some 
embodiments, the phase displacement device 
could be incorporated in the structure of the 
magnetic field generator. In other 
embodiments, the phase displacement device 
could be a device which is distinct from the 
magnetic field generator. 

of laser oscillation; the period of time after 
initial generation of the laser beam when the 
stable fractional increase of laser power after 
each complete round trip in the optical cavity is 
substantially constant over successive round 
trips. By way of example and not limitation, 
the small-signal regime is characterized by 
electron energy perturbations which are 
substantially smaller than the height of the 
phase space separatrices. 

the fractional increase of laser power after a 
single pass through the interaction region in the 
small-signal regime. 

of laser oscillation; the state of dynamic 
equilibrium, estabUshed following the initial 
growth of the intensity of the optical field, in 
which the stable fractional increase of laser 
power after each complete round trip in the 
optical cavity has decreased to substantially 
negligible proportions compared to the 
fractional increase of laser power in the small- 
signal regime. By way of example and not 
limitation, the saturated regime is characterized 
by electron energy perturbations which are a 
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"saturated gain" 



"resonator'' 



"interferometer" 



"harmonic mode locking" 



substantial fraction of the height of the phase 
space separatrices. 

the fractional increase of laser power after a 
single pass through the interaction region in the 
saturated regime. 

The optical assembly comprising all of the 
mirrors involved in storing the laser light so 
that it can circulate back to and interact with 
the electron beam or the gain medium. 

the subset of the resonator mirrors (usually 
located at one end of the resonator and on one 
side of the laser interaction region) which are 
involved primarily in coupling the optical 
pulses among each other so that they become 
phase locked. 

A method of mode locking in which the 
modulation (rf) frequency equals an integral 
multiple of the cavity round-trip frequency, 
and the optical pulse repetition rate equals the 
modulation (rf) frequency. 

A method of mode locking in which the 
modulation (rf) frequency equals a rational 
multiple of the cavity round-trip frequency, 
and the optical pulse repetition rate equals an 
integral multiple of the modulation (rf) 
frequency. 

"non-mtegral harmonic mode locking" rational harmonic mode locking. 

100191 m the figures, a general reference to a device or element is indicated by a 

numeral, e.g. "X" and two or more specific instances of the device or element is indicated by a 
trailing letter, e.g. "Xa." By way of example, as used herein, a crystal is generally referred to by 
the numeral "90" while two or more crystals will be referred to individually as "90a," "90b," and 
the like. 



"rational harmonic mode locking" 
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[0020] Referring now to Fig. 1, compound intracavity interferometer 1 5 suitable for use 

in a free electron laser (referred to herein by the numeral "10" or by "FEL 10") comprises output 
coupler 80 disposed at a predetermined angle with respect to optical axis 34 and optical filter 70 
disposed at a predetermined angle with respect to optical axis 35 where optical axis 35 defines a 
path for optical energy within FEL 10 from output coupler 80 to optical filter 70. An FEL of this 
type is described in United States Patent 6,636,534, filed concurrently with the predecessor to 
this application and thus incorporated by reference herein. 

[0021] Referring now to Fig, 2, in a certain contemplated embodiment, optical filter 70 

comprises two parallel, uncoated birefringent crystals 90a,90b enclosing a variable-space 
vacuum gap 91 (Fig. 2). Crystal 90 may comprise quartz, sapphire, or the like, or equivalents 
thereof 

[0022] The primary filter function is provided by vacuum gap 91 which forms a Fabry- 

Perot etalon, and the birefringent crystals 90a,90b are employed to provide additional spectral 
selectivity by altering the reflectance of either the resonant or off-resonant wavelengths in 
vacuum gap 91. The characteristics of this embodiment of the optical filter include angle of 
incidence 92 with respect to optical beam 32 (which angle equals the Brewster angle in the 
preferred embodiment), the size of vacuum gap 91, the direction of crystal c-axis 93a,93b, and 
crystal thickness 94. In a preferred embodiment, tiiese characteristics are chosen so that the 
birefringent passband for each birefringent crystal 90 is equal to tiie passband of vacuum gap 91. 
[0023] Characteristics of output coupler 80 and optical filter 70, including size of 

vacuum gap 91, orientation of crystals 90, and thickness of crystals 90, may be chosen so that a 
birefringent passband for each birefringent crystal 90 is approximately equal to a gap passband 
between the birefiingent crystals 90. 
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100241 In a currently envisioned embodiment, the passband of vacuum gap 91 is chosen 

to appropriately suppress the spectral components which mediate the coupled electron-optical 
beam instability that can disrupt the operation of FEL 10. 

[0025] As depicted in Fig. 2, optical filter 70 may be rotated about surface normal 95 to 

vary the degree of birefringence in crystals 90. and vacuum gap 91 may be tunable using 
piezoelectric gap tuning. 

100261 In the operation of exemplary embodiments, enhanced optical performance 

may be obtained in FEL 10 at a modulation frequency to achieve a desired configuraUou of 
non-integral hannonic mode locking. As used herein, "enhanced optical performance- 
comprises at least one of increased optical pulse repetition rates and increased spectral 

brightness. 

[00271 Cavity axial mode spacing Ve. is first determined and then an integer N selected 

for a value of N that substantially corresponds to a predetermined number of radio frequency (rf) 
periods contained in a cavity round trip. An integer value P is then selected that substantially 
corresponds to a predetermined fractional deviation from a predetermined integral hannonic 
mode locking. With these values, a modulation frequency v^ may be calculated using the 
formula 

Vrf=(N-l/P)Vcav 

V,,. may be calculated by determining a spacing L between first end mirror 6 and second end 
mirror 7. Using L, Vcav may be calculated as 

Vcav = c/2L [2] 

where c is the speed of propagation of Ught. 
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[00281 The value of N may be further selected to be the nearest integer for which an 

integral harmonic mode locking would be achieved. 

[0029] Additionally, P may be selected to be either the number of round trips which 

circulating optical pulses must execute in order to synchronize with an injected electron pulse in 
a time domain or axial mode spacing between modes of a predetermined hypermode in a 
frequency domain. If a frequency domain is used to select a value for P. P may be calculated in 

the frequency domain using the formula 

Vax(hypermode) = P*Vrf [3] 
[0030] A phase locked PEL 10 may be obtained with rational mode locking by 

determining a value for the size of vacuum gap 91. For embodiments where crystals 90 
comprise sapphire, an orientation value for each sapphire crystal 90a,90b may be obtained as 
well as thickness value for each sapphire crystal 90a.90b such that a birefringent passband for 
each sapphire crystal 90a,90b is approximately equal to a desired gap passband. 
[0031] Actual size of vacuum gap 91, orientation of crystals 90, and thickness of crystals 

90 may then be adjusted such as by using the vacuum gap size value, crystal orientation value, 
and crystal plate thickness value obtained. Once adjusted, compound intercavity interferometer 
15 may then be inserted into optical axis 34 in FEL 10 at substantially the Brewster angle with 
respect to optical axis 34. 

[00321 Optical filter 70 may be tuned by rotating optical filter 70 to a predetermined 

position with respect to optical axis 34 to vary the degree of birefringence. Tuning may be by 
numerous equivalent means as will be understood by those of ordinary skill in the FEL arts, by 
way of example and not limitation including tuning vacuum gap 91 using piezoelectric gap 
tuning. 
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[0033] Compound intracavity interferometer 15 may be used to increase spectral 

brightness and/or spectral purity of tunable, radio frequency linearly accelerated (rf linac) FELs. 
Combined with pulsed electron-beam excitation (mode locking) of a high gain free-electron, to 
produce an output frain of substantially phase-coherent laser pulses whose repetition rate 
substantially equals an integer multiple of the electron pulse repetition rate. 
10034] Referring back to Fig. 1, in a preferred embodiment, second interferometer 102 is 

a nested Fox-Smith interferometer within a Michelson interferometer first interferometer 101. 
First interferometer 101 may be either a birefringent or a non-birefringent Michelson 
interferometer. Spacing between mirrors 6,7 may be calculated to effect a spacing in which 
successive optical pulses in a pulse train are overlapped at a predetermined interval in compound 
intracavity interferometer 15. 

[0035] Referring now to Fig. 3a, randomly phased optical output from a two-mirror, rf 

linac FEL may produce optical energy as shown. When using compound intracavity 
interferometer 15 with non-integral harmonic mode locking as well as phase locking, the results 
shown in Fig. 3b may be achieved. 

[0036] Referring now to Fig. 4, in an FEL 10 containing a single optical pulse, the cavity 

round-trip time equals the rf frequency and the optical pulse remains synchronized with the 
elecfron pulse on each pass. In the frequency domain, the elecfron bunches modulate the cw 
axial modes of the resonator, as these terms will be familiar to those of ordinary skill in the laser 
arts, and the modulation sidebands overlap and injection lock (couple) the adjacent cavity modes. 
In a harmonically mode locked FEL 10 in which the rf modulation frequency is N times the 
cavity round trip frequency, N circulating optical pulses build up in the cavity. In the frequency 
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domam. U.e rf sidebands on cad, cw axial mode overlap and injection lock every N«> cavity 
mode, yielding N interleaved sets of independently coupled axial modes (N hypennodes). 
100371 The independent osciUation of each hypermode reflects the random phases of the 
circulation optical pulses in the time domain (in which the pulses start up from noise). In the 
non-integral harmonically mode locked FEL 10, the cavity is shortened sUghtly in such a »ay as 
.0 require each circuWing optical pulse to under^ two or more round trips before it couples 
again to an electron pulse, to the fr^uency domain, the rf sidebands on the axial modes overUp 
do not couple the axial modes one rf spacing away (because of the mismatch), but they do couple 
the axial modes displaced by a proportionately increased spacing. Thus, as illustrated in Fig. 4c, 
it can be seen that titere are nine, as opposed to five, independent hypermodes (Fig. 4b) and the 
axial mode spacing wiflun each hypermode is now twice the rf frequency. By employing an 
intracavity interferometer to suppress all but one of flte hypermodes, me effect is to allow only a 
single hypermode to oscillate, with axial modes separated by an integral multiple of the electron 
pulse repetition rate. e.g. two or more, yielding (e.g., such as by Fourier franstormation) an 
output pulse train of phase locked optical pulses at the corresponding multiple of tire rf 
frequency. 

[00381 The modulation frequency vk which must be appUed to achieve a specific 

configuration of non-integral harmonic mode locking may be determined using tt^e parameters. 
First, tire cavity axial mode spacing may be defined by the two primary end mirrors 6,7 using tire 
equation 

Vcav = c/2L [4] 

Second, an integer N may be selected corresponding to an approximate number of rf periods 
contained within one cavity round trip, where N is the nearest integer for which integral 
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hannonic mode locking would be achieved. Third, an integer P may be selected to represent the 
fractional deviation from integral harmonic mode locking. In the time domain, P may be 
selected as the number of round trips which is the circulating optical pulses must execute in order 
to synchronize again with an mjected electron pulse. In the frequency domain, the integer P may 
be selected by determining the axial mode spacing between the modes of a given hypermode 
using the following equation: 

Vax (hypermode) = P*Vrf [5] 
The modulation frequency Vrf may then be calculated as 

Vrf =(N-(l/P))Vcav [6] 

[00391 Non-integral harmonic mode locking has fimdamental implications for the design 

and operation of FEL 10. If the optical pulses undergo several round trips between their 
interaction with the elecfron pulses, then the equivalent cavity losses will be increased by a factor 
equal to the number of such round frips. However, if the cavity losses dcav are adjusted, i.e. 
reduced, specifically to maintain a net elecfronic gain and a predetermined degree of saturation 
of FEL 10 after P round trips, then the laser turn-on time will scale linearly with P. Thus, the 
following will hold true: 

If p = 1 : (1 + Gnet) = (1 + Gelec) * [1 - dcav] [7] 

Ifp>l: (1 + One,) = (1+ Gelec) *[l-dcav'T 

[0040] The increased turn-on time has fimdamental implications for the injector and 

accelerator technology which must be able to deliver proportionately longer macropulses. 
[00411 Of particular importance for spectroscopy, if cavity losses, and fractional output 

coupling, are adjusted according to the present invention, the average output power at saturation 
will be preserved. Thus, if P = 1, the optical energy from each elecfron bunch may be 
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outcoupled in a single pass. On the other hand, if P > 1, the optical energy from each electron 
bunch may be outcoupled in P passes, but the average power is compensated by the output 
optical pulse repetition rate which is then P times higher. Therefore, in the optical spectrum the 
reduction of the number of axial modes by a factor of P will be accompanied by an increase in 
their spectral brightness by the same factor. 

[0042] The intracavity power, however, scales linearly with P, due to the reduced cavity 

losses required to achieve the same degree of saturation, so that mirror technology or special 
resonator geometries may also be developed to survive the increased circulating fluences. 
[0043] In the prior art, the high average power and broad tunability of an FEL 

discourages intracavity interferometers of any kind, because the circulating intensities or 
fluences in these lasers can easily exceed the damage thresholds of typical dielectric coatings 
used to fabricate the intracavity beam splitter, especially if the coating is extremely broadband. 
A solution which has been discovered by the inventors employs an extremely broadband, tunable 
birefringent beam splitter that proves sufficient reflectance without the use of any coatings. In a 
preferred embodiment, as discussed herein above, sapphire crystal 90 may be used in accordance 
with the present invention where sapphire crystal 90 is inclined near the Brewster angle with 
respect to optical axis 34. Sapphire crystal 90 may use S-polarized (TE) reflection at one of its 
surfaces to prove the coupling in compound intercavity interferometer 15. For practical angles 
of incidence greater than the Brewster angle, reflectances up to 45% can be obtained. 
Prohibitive cavity losses at the second surface may be reduced if not eliminated by exploiting the 
birefringence to yield P- (TM-) polarization at that surface, resulting in low-loss reflections that 
are suitable for output coupling. 
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[0044] Unwanted hypermodes may be suppressed by means of a compound 

Michelson/Fox-Smith interferometer illustrated schematically in Fig. 1. Fox-Smith 
interferometer 102 portion may be constructed using the birefringent beam splitter of Fig. 2, and 
Michelson interferometer 101 may be constructed using a non-birefringent sapphire crystal 
optical filter 70 with its crystal orientation chosen to preserve S-polarization at both surfaces. In 
the latter, one of the surfaces is used as a beam spUtter, and the other is used for output coupling 
with high damage threshold operation. The relative fi-ee-spectral ranges (FSRs) of the Michelson 
interferometer 101 and Fox-Smith interferometer 102 may be chosen to maximize cavity losses 
for the nearest non-surviving hypermode. The Fox-Smith FSR may be chosen to yield mode 
selection within a predetermined range, by way of example and not limitation such as within a 
narrow a mode as possible. Further, the Michelson FSR may be chosen to equal the rf 
modulation frequency. In this manner, Michelson interferometer 101 maximally suppresses the 
Fox-Smith modes which overlap the unwanted hypermodes. 

[0045] Referring to Fig. 5, in a preferred embodiment beamsplitter 100 is adapted for use 

with an intracavity interferometer, e.g. 101 and/or 102 in Fig. 6, and comprises an uncoated, 
birefringent plate 101 with P-polarization at first surface 105, and high-reflectance S-polarization 
at second surface 106. P-polarization is preferably low-loss. 

[0046] First surface 105 and second surface 106 may comprise an optical filter, e.g. as 

described as optical filter 70 with respect to Fig. 1. As described herein below with respect to 
Fig. 6, first surface 105 may be a birefiingent sapphire optical filter and second surface 106 may 
be a non-birefiingent sapphire optical filter. 

[0047] Referring now to Fig. 6, rational harmonically mode locked resonator 200 may 

comprise one or more birefiingent beamsplitters 100 (Fig. 5). Rational harmonically mode 
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locked resonator 200 may be a rational harmonically mode locked, phase locking resonator 200 
and may comprise Michelson-interferometer phase locking resonator 101, Fox-Smith- 
interferometer phase locking resonator 102, or the like. Coherent energy, e.g. coherent hght 
energy, may enter first side 105 (Fig. 5) and portions may exit such as through second side 106 
(Fig. 5), e.g. interferometers 101,102. 

[0048] In certain embodiments, rational harmonically mode locked resonator 200 may be 

a rational harmonically mode locked, compound-interferometer phase locking resonator 200 may 
comprise birefringent beamsplitter 100 (shown in Fig. 1 as comprising optical filter 70). 
Compound-interferometer phase locking resonator 200 may comprise a Fox-Smith-Fox-Smith 
compound interferometer, a Michelson-Michelson compoxmd interferometer, or a Fox-Smith- 
Michelson compound interferometer, or the like. 

[0049] In certain embodiments, beamsplitter 100 may be tunable about surface normal, 

e.g. along axis 107. Fig. 7 illustrates how an intracavity Fox-Smith interferometer can be tuned 
to suppress the hypermodes in an integrally mode locked FEL 10 (Fig. 1, Fig. 6), and in a 
rationally mode locked FEL 1. The surviving hypermode is shown in bold, and the remaining 
hypermodes exhibit increased losses (represented by the dots). In Fig. 7, the harmonic mode 
locking is given by the equation 

and the Fox-Smith resonator is characterized by the equation 

V/. =i'(v,,,) 

In the example illustrated in Fig. 7, a sapphire Fox-Smith resonator was used at cpinc = 71°. 
[0050] Improved phase locking may be achieved if the hypermode losses are as large as 

possible. However, losses typically cannot be varied by using Fox-Smith interferometer 102 with 
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a different free-spectral range, because the losses, are simply transferred to different hypermodes 
in the rationally mode locked case. 

[0051] Rational harmonically mode locked, phase-locked resonator 200 (Fig. 6) may 

comprise Fox-Smith resonator 102 (Fig. 6) in which Fox-Smith resonator 102 is tuned so as to 
minimize the cavity losses for a single hypermode, where the free-spectral range of Fox-Smith 
interferometer 102 is any integral or rational multiple of the rf frequency or Michelson resonator 
101 (Fig. 6) in which Michelson interferometer 101 is tuned so as to minimize the cavity losses 
for a single hypermode, where the free-spectral range of Michelson interferometer 101 is any 
integral or rational multiple of the rf frequency. 

[0052] Referring now to Fig. 8, compound Michelson and Fox-Smith interferometers 

101,102 may use rational harmonically mode locked, phase-locked, resonator 200 (Fig. 6). In 
these embodiments, hypermode losses may be increased by using Michelson interferometer 101 
(Fig. 6) in addition to Fox-Smith interferometer 102 (Fig. 6). Fox-Smith interferometer 102 may 
be used to impose large losses on adjacent hypermodes, i.e. next to the surviving hypermode, and 
Michelson interferometer 101 may be used to impose increased losses on the less-lossy Fox- 
Smith modes at the intermediate frequencies. 

[0053] As illustrated in Fig. 8, non-integral harmonic mode locking with phase locking 

may exhibit the behavior illustrated in Fig. 8, assuming compound Michelson and Fox-Smith 
interferometers 101,102 of fixed finesse. The following equations were used in conjunction with 
Fig. 7: 

Harmonic mode locking = N{v^^^) Fox-Smith: sapphire at (pmc = 71° 

Fox-Smith resonator: v^^ = F(v^) Michelson: sapphire at (pine = cpe = SQ.S"" 

Michelson resonator: v^^ = M (v^ ) 
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Losses on the adjacent hypermodes may be increased by using Fox-Smith interferometer 102 
(Fig. 6) with decreasing free-spectral range, i.e. by increasing mirror separation, which may be 
easier to construct. Additionally, Michelson interferometer 101 may still adequately suppress the 
increasing number of intermediate Fox-Smith modes. 

[0054] For embodiments comprising compound Michelson and Fox-Smith 

interferometers, e.g, 101,102 as illustrated in Fig, 6, rational harmonically mode locked, phase- 
locked, compound-interferometer resonator 200 may be tuned so as to select a single hypermode, 
where the free-spectral range of the interferometers 101,102 are any integral or rational multiple 
of the rf frequency. 

[0055] Fig. 9 illustrates non-integral harmonic mode locking with phase locking, 

assuming compound Michelson and Fox-Smith interferometers 101,102 of fixed finesse. In a 
preferred embodiment rational harmonically mode locked, phase-locked, compound- 
interferometer resonator 200 comprises Michelson resonator 101 (Fig. 6) whose free-spectral 
range equals the optical pulse repetition rate of the final phase locked pulse train, and Fox-Smith 
resonator 102 (Fig. 6) whose free-spectral range is chosen in the manner shown in Fig. 9, until 
the two dots indicate comparable losses for the respective hypermodes. In certain embodiments, 
the free-specfral range of Michelson interferometer 101 is equal to the rf frequency, and the free- 
spectral range of Fox-Smith interferometer 102 is the smallest of the values for which the 
slowest decaying hypermode is the hypermode adjacent to the surviving hypermode 
[0056] While the present invention has been described above in terms of specific 

examples, it is to be understood that the invention is not intended to be confined or limited to the 
examples disclosed herein. On the contrary, the present invention is intended to cover various 
structures and modifications thereof included within the spirit and scope of the appended claims. 
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